arXiv: 1505.05504v2 [hep-ph] 24 Sep 2015 


Leptogenesis in minimal predictive seesaw models 


Fredrik Bjorkeroth* 0, Francisco J. de Anda^ [§jIvo de Medeiros Varzielas* 1^, 

Stephen F. King*G 

* School of Physics and Astronomy, University of Southampton, 

S017 IBJ Southampton, United Kingdom 

I Departamento de Fisica, CUCEI, Universidad de Guadalajara, Mexico 


Abstract 

We estimate the Baryon Asymmetry of the Universe (BAU) arising from leptogen¬ 
esis within a class of minimal predictive seesaw models involving two right-handed 
neutrinos and simple Yukawa structures with one texture zero. The two right- 
handed neutrinos are dominantly responsible for the “atmospheric” and “solar” 
neutrino masses with Yukawa couplings to {ue, Vfj,, Vt) proportional to (0,1,1) and 
(1, n, n —2), respectively, where n is a positive integer. The neutrino Yukawa matrix 
is therefore characterised by two proportionality constants with their relative phase 
providing a leptogenesis-PMNS link, enabling the lightest right-handed neutrino 
mass to be determined from neutrino data and the observed BAU. We discuss an 
SU{5) SUSY GUT example, where A 4 vacuum alignment provides the required 
Yukawa structures with n = 3, while a Zg symmetry fixes the relatives phase to be 
a ninth root of unity. 
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1 Introduction 


Despite the success of the Standard Models (SM) of Particle Physics and Cosmology, 
the origin of matter-antimatter asymmetry in the Universe remains as a puzzling but 
unexplained phenomenon. Sakharov discovered that CP violation is a necessary condition 
for explaining the matter-antimatter asymmetry of the Universe [T], but it became clear 
that the observed quark CP violation is insufficient for this purpose [2], motivating new 
sources of CP violation beyond the SM. One example of such new physics is neutrino mass 
and mixing [3]. Indeed, following the discovery of a sizeable leptonic reactor angle, it is 
possible that leptonic CP violation could be observed in the foreseeable future through 
neutrino oscillations and a hrst tentative hint for a value of the CP-violating phase 5 cp ~ 
—7r/2 has also been reported in global hts [1H6]. However the mass squared ordering 
(normal or inverted), the scale (mass of the lightest neutrino) and nature (Dirac or 
Majorana) of neutrino mass so far all remain unknownjl 


There are many possibilities for the origin of light neutrino masses m* and mixing angles 
9ij. Perhaps the simplest and most elegant idea is the classical seesaw mechanism, in 
which the observed smallness of neutrino masses is due to the heaviness of right-handed 
Majorana neutrinos [7], 

m^' = ( 1 ) 

where is the light effective left-handed Majorana neutrino mass matrix (i.e. the phys¬ 
ical neutrino mass matrix), is the Dirac mass matrix (in LR convention) and Mr is 
the (heavy) Majorana mass matrix. The seesaw mechanism also provides an attractive 
mechanism for understanding the matter-antimatter asymmetry of the Universe. The 
out-of-equilibrium decays of right-handed neutrinos in the early Universe, combined with 
CP violation of the Yukawa couplings, leads to a lepton asymmetry which can be subse¬ 
quently converted into a baryon asymmetry via sphaleron processes, a mechanism dubbed 
“leptogenesis” [S]. 

Thermal leptogenesis in particular is an attractive and minimal mechanism to gener¬ 
ate the Baryon Asymmetry of the Universe (BAU) ns/ny = (6.10 ± 0.04) x 10“^°, or, 
normalised to the entropy density, Yr = (0.87 ± 0.01) x 10“^° (see e.g. [9] for reviews 
and [in] for more recent determinations of the error which is now at 0.6%). A lepton 
asymmetry is dynamically generated and then converted into a baryon asymmetry due 
to {B + L)-violating sphaleron interactions which exist in the SM and its minimal su¬ 
persymmetric extension, the MSSM. Leptogenesis can be implemented within the seesaw 
model, consisting of the SM (MSSM) plus right-handed Majorana neutrinos (and their 
superpartners) with a hierarchical spectrum. In the simplest case, the lightest of the 
right-handed neutrinos are produced by thermal scattering, and subsequently decay out- 
of-equilibrium in a lepton number and CP-violating way, thus satisfying the Sakharov 
constraints. 


Although the seesaw mechanism generally predicts Majorana neutrinos, it does not pre- 

^The neutrino mass squared ordering and the smallness of the lightest neutrino mass are commonly 
referred to jointly as the “mass hierarchy”, although really they are two separate questions. 
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diet the “mass hierarchy”, nor does it yield any understanding of lepton mixing. In order 
to overcome these dehciencies, the seesaw mechanism must be supplemented by other 
ingredients. The idea of “sequential dominance” (SD) [UllIS] is that one dominant right- 
handed neutrino of mass M^tm is mainly responsible for the heaviest atmospheric 
neutrino mass m 3 , while a second sub dominant right-handed neutrino of mass M^oi 
mainly gives the solar neutrino mass m 2 . These models were the hrst examples in the 
literature of two right-handed neutrino models m- One may add a third right-handed 
neutrino of mass M^ec but since this is essentially decoupled from the seesaw mech¬ 
anism, we shall ignore it here. Sequential dominance immediately predicts a normal 
neutrino mass hierarchy. 

In order to obtain sharp predictions for lepton mixing angles, the relevant Yukawa cou¬ 
pling ratios need to be hxed, for example using vacuum alignment of family symmetry 
breaking flavons [3]. The hrst attempt to use vacuum alignment within an SU{3) family 
symmetry to predict maximal atmospheric mixing (tan 023 ~ 1 ) from equal dominant 
right-handed neutrino couplings = (0, a, a) was discussed in [13]. Subsequently, con¬ 
strained sequential dominance (CSD) [T3] was proposed to explain tri-bimaximal mixing 
with a zero reactor angle by using vacuum alignment to hx the subdominant “solar” 
right-handed neutrino couplings to {ug, t^t) to also be equal up to a sign, namely 
viol ~ {^ 1^1 Other variants of SD with this vacuum alignment were used to obtain 
near tri-bimaximal mixing in the context of S'O(lO)-inspired GUTs [15]. Following the 
measurement of the reactor angle, other types of CSD have been proposed, with the 
dominant right-handed “atmospheric” couplings as above, while proposing alternative 
subdominant “solar” right-handed neutrino couplings as follows: 

CSD(n) : ( 2 /atm)^ = (0, a, a), (|/soi)^ = {b, nb, {n - 2)b), (2) 

where n is any positive integer. The original CSD corresponds to n = 1 na, with n = 2 
proposed in [16] and n = 3,4 in [IMD]. A general analysis for n < 10 was recently 
performed in where the smallest values were shown to correspond to n = 3, 40 

In the original form of CSD, the columns of the Dirac mass matrix in the flavour basis 
were orthogonal to each other, ( 2 /atm)^l/soi = 0, and consequently the CP asymmetries 
for cosmological leptogenesis vanished [241125] . Following the subsequent observation 
that leptogenesis also vanished for a range of other family symmetry models [26], this 
undesirable feature was eventually understood 1271 to be a general consequence of seesaw 
models with form dominance [28] (i.e. in which the columns of the Dirac mass matrix in 
the flavour basis are proportional to the columns of the PMNS mixing matrix) 0 However 
for CSD(n > 1), leptogenesis does not vanish since the columns of the Dirac mass matrix 
in the flavour basis are not orthogonal, (|/atm)^l/soi 7 ^ 0 . 

Interestingly, since the seesaw mechanism in CSD(n) with two right-handed neutrinos 

®The CSD(n) models may be regarded as a special class of two right-handed neutrino models with 
one texture zero m- Two right-handed neutrino models with two texture zeros are only consistent with 
data for the case of an inverted mass squared ordering [32]. See also [23] for a recent study of texture 
zeros in models with two right-handed neutrinos. 

^Although less minimal, a possibility to obtain non-vanishing leptogenesis is to have the interplay of 
more than one type of seesaw [52] . 
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only involves a single phase rj = arg[a^/6^], both the leptogenesis asymmetries and the 
neutrino oscillation phase (5cp must necessarily originate from rj, providing a direct link 
between the two CP violating phenomena in this class of models. Such a link can be 
traced back to the arguments in [30] The produced BAU Yb from leptogenesis in two 
right-handed neutrino models with CSD(n) satishes, following the arguments in [23], 

Yb oc ± sin? 7 , (3) 

where the “-I-” sign applies to the case Matm Mso\ and the ” sign holds for the case 
Mgoi <C Matm- Since the observed BAU Yb is positive, it follows that, for Matm Mgoi, 
we must have positive sinr;, while for Mgoi Matm we must have negative sinr;. From 
the analysis in [21], for CSD(n) positive 7 ] is associated with negative (5 cp and vice versa. 
Although the global hts do not distinguish the sign of r], the present hint that (5 cp ~ —vr/2 
would require positive rj, then in order to achieve positive Yb we require Matm ^ Mgoi, 
corresponding to “light sequential dominance”, as considered in the two right-handed 
neutrino analysis in [33]. 

In this paper we estimate the baryon asymmetry arising from leptogenesis within CSD(n) 
seesaw models with two right-handed neutrinos. In the flavour basis, for each n, the neu¬ 
trino Yukawa matrix is therefore characterised by just two real proportionality constants 
plus one relative phase which controls both leptogenesis and the PMNS mixing matrix. 
The single phase appearing in the neutrino mass matrix is identihed as the leptogenesis 
phase, providing a direct link between CP violation in neutrino physics and in cosmol¬ 
ogy. We use the observed BAU to constrain the mass spectrum of the two right-handed 
neutrinos within this class of models. As an example, we apply our results to a successful 
A 4 X SU{5) SUSY GUT model based on CSD(3) with two right-handed neutrinos [20] . 

The layout of the remainder of this paper is as follows. In Section [21 we review thermal 
leptogenesis in seesaw models with two right-handed neutrinos, and apply it to CSD(?7,). 
In Section [3] we show how low energy data constrains leptogenesis in these models, and 
derive bounds on the lightest right-handed neutrino mass. In Section H] we review a SUSY 
GUT model that predicts CSD(3) mixing angles and reinterpret the bound imposed by 
BAU by expressing it in terms of the model’s parameters. Finally we conclude in Section 

El 


2 Leptogenesis formalism 


In a Supersymmetric (SUSY) model, the relevant terms in the superpotential giving 
neutrino masses are, in the diagonal charged lepton basis, 

_ w. ^ „ + yi ,HL.N;,, + (4) 

®The link between CP violation in flavour dependent leptogenesis and neutrino oscillation for models 
with sequential dominance was also observed in m. although with only one leptogenesis phase the 
conclusions are identical to those obtained in the flavour independent or “vanilla” case [30]. Such a link 
was originally observed for the flavour independent case of two right-handed neutrino models with two 
texture zeros in [3T], however such models are now phenomenologically excluded [32] for the case of a 
normal neutrino mass hierarchy considered here. 
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where Li are three families of lepton doublets, and the (CP conjugated) right-handed 
neutrinos and with real positive masses Matm and Msoi do not mix. Assuming 
the CSD(n) relations in Eq. O the Yukawa matrices and (charge conjugated) right-handed 
mass matrix in this basis are 


r 


[Ml 

0 A 

A^ = a 

nb 

M'^ = 

(5) 

\a 1 

[n - 2)h) 

V 0 

mJ 

where we have written Mi = 

Matm and M 2 

= Msoi, with Ml 

< M 2 , in anticipation of 


the result that the lighter right-handed neutrino is the dominant one. This is the basis 
used for the leptogenesis calculations, which we now review, following the notation and 
procedure in [21]. 

In the MSSM the regime where all flavours in the Boltzmann equations are to be treated 
separately corresponds to (l-|-tan^ (5) x 10® GeV < Mi < (l-|-tan^ P) x 10® GeV. Assuming 
the flavour-dependent treatment for seesaw models with SD 129, it will turn out that for 
the models of interest Mi ~ (40 — 100) x 10® GeV. The results therefore appear to post- 
justify the flavour-dependent treatment only for tan/? > 10. However as it turns out, our 
results for the three flavour case are almost identical to those for the flavour independent 
case. The reason is that the washout factors for the /i and r flavours turn out to be equal, 
hi,At = Vi,r, while the asymmetry for the electron flavour is zero, ei^e = 0. In this case one 
may dehne an efficiency factor = rji^^ = r]i^r and asymmetry ei = such that 

the BAU is proportional to as will become clear from the following results. The 

only difference between the ffavour independent and dependent cases, in the considered 
models, is in the detailed solutions to the Boltzmann equations which involve differences 
in an A matrix (dehned below) which only appears logarithmically in determining the 
washouts. The main consequence of this is that the above condition tan /3 > 10 becomes 
relaxed, and our results are valid for any value of tan P to good approximation. However, 
for clarity, we shall perform our calculations using the full three flavour treatment. 

Following [21|, the total BAU is obtained from the individual lepton flavour contributions: 

n = (6) 

which in turn are given by 

YAc = Vl,a[yNi + (’^) 

where rji^a are washout factors and ei^Q, are the decay asymmetries. In the Boltzmann 
approximation for the MSSM: 

45 

g, = 228.75. (8) 


In the MSSM, the expression (per flavour index) for the asymmetries is 

_ 1 ^rn [(Aj,)iQ,(Aj,A,y)i2(Aj^)2 q,] mssm f 

^ (aUV ® w; ’ 


(9) 
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where Xi, is the neutrino Dirac Yukawa matrix in the basis when charged lepton and 
right-handed neutrino Yukawa matrices are diagonal, as in Eq. [5l Assuming Mi <C M 2 
we have: 


^MSSM 


Mi 



( 10 ) 


For the CSD(?7,) neutrino Yukawa matrix X^, in Eq. [5l the flavour dependent asymmetries 
are 


ei,e — 0 
Cl ,11 = ~ 


3 Ml, , 

- (n — l)n —— 

Sir M 2 ^ aP 


Note that 


3 Ml lm[a*^b‘^] 

D,r = - I n - 2 ——— 

Stt M2 |ap 


n - 2 

ei,r = I I 


We now deflne the phase rj that is relevant for leptogenesis as 

rj = — arg[a*^6^]. 


(11) 


( 12 ) 


(13) 


Having established the factor YiVi asymmetries, it remains to determine 

the (flavour-dependent) washout factors These arise from solutions to the Boltzmann 
equations given in [21] wherein r^i „ is plotted as a function of logiQ in terms of 

parameters and a numerical 3x3 matrix A, given below. 


/- 

93 

6 

6 

110 

55 

55 


3 

19 

1 


40 

30 

30 

V 

3 

1 

19 

40 

30 

30 


(14) 


The parameters are themselves functions of mass parameters fhi^ai such that 


= 


mi^c 


’^MSSM 




"^MSSM ~ (1-58 X 10 ^ eV)sin^/3 


nil,a 


Ml' 


(15) 


With Ajy given in Eq. [5l and identifying Vu = nsin/?, the mass parameters are 


mi,e = 0, 


= nii,T 


sin^ 
Ml ■ 


(16) 


Because fhi,^ = mi,^ we also obtain = Kr- From Eq. [I4] we obtain = Arr = 
— 19/30. Thus we conclude that ? 7 i,^ = r^iWe note that the combination of parameters 
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involved in is related to the effective neutrino masses which are fitted in [20], which 
are dependent on the choice of vacuum alignment parameter n. 


We may now return to the expression for the observed asymmetry Yb as per Eqs. [MZl 
where 

OL 

Inserting the approximations for and Yfj^ from Eq. |8]and the asymmetries from 
Eq. HH we get 


Yb = 


10 

( 

[o 45 1 


[o 45 1 



2—— 

g* 

^1,11 + hl,T 

2—— 


n — 2 


n 


10 

- 


45 

L 


2n — 2 


n 


3 Ml 
Sir M 2 ^ 


[n 




l)n 


Im[a*^6^] 


(18) 


We may express this in terms of the phase r] defined in Eq. [13], noting that Im[a*^6^]/|a^ 
— I^psinr;, arriving at 


675 Ml il2|r,|2 • 


(19) 


In the next section we will show that this expression can be interpreted in terms of the 
mass parameters of the effective neutrino mass matrix rua and where the washout 
factor Tji^^ is directly dependent on rUa, while \b\‘^/M 2 oc These mass parameters are 
subsequently dependent on n. It becomes immediately obvious that n = 1 gives Yb = 0, 
i.e. that tri-bimaximal mixing cannot give a non-zero baryon asymmetry. 


3 Constraining leptogenesis with neutrino data 


In order to constrain leptogenesis in CSD(?t,) we need to use information about low energy 
neutrino masses and mixing. These estimates are based on the seesaw mechanism. For 
the seesaw mechanism we use a different basis in which the Yukawa matrices Y®, Y'^ are 
defined in a LR convention by 

+ hx., (20) 

where i, j = 1,2,3 label the three families of lepton doublets Lj, right-handed charged 
leptons and right-handed neutrinos below the GUT scale; 77“, 77'^ are the Higgs 
doublets which develop VEVs Vu, Vd- Subscripts L denote left-handed fermions and sub¬ 
scripts R denote right-handed fermions. 

Although it may appear to be confusing to use two different bases, it is valuable to 
do so because the seesaw mechanism is much more transparent in this basis. The light 
Majorana neutrino mass matrix rrY is defined by = —|m^r'iZ/£-fh.c., while the heavy 
right-handed Majorana neutrino mass matrix Mr is defined by = —\MBy‘^RyR+\i.c.. 


6 















With these conventions, using the seesaw basis in Eq. [201 integrating out the right-handed 
neutrinos leaves an effective left-handed neutrino Majorana mass matrix m'' expressed 
by the simple formula 

^ 21 ) 

This is the reason for introducing the seesaw basis. 


There is a simple dictionary between the seesaw basis just introduced and the SUSY basis 
in Eq. 01 as follows: V' = (A^)*, while Mr = (M^)* = M^. Hence the CSD(n) relations 
in Eq. [5l become, in the seesaw basis, 

/ 0 b* \ /Ml 0 \ 

¥’'= [a* nb* \, Mn=\ . (22) 

\a* {n - 2)b*J V 0 M2J 

The seesaw mechanism produces the effective neutrino mass matrix 

/O 0 0\ /I n (n - 2) \ 

m'' = rua { 0 1 1 j + 'rrihe^'^ | n n{n — 2) j , (23) 

\0 1 1 / \(?^-2) n{n-2) {n - 2f J 

where rria = v‘^\a\‘^/Mi and mb = n^| 6 p/M 2 and we have multiplied throughout by an 
overall phase which we subsequently drop, keeping only the (physical) relative phase 

T] = arg[a^/ 6 ^]. (24) 

The definition of the phase rj in Eq. [24] is consistent with Eq. [131 providing the link be¬ 
tween leptogenesis and low energy neutrino phenomenology. Clearly the phase rj plays 
a dual role, as both the high energy leptogenesis phase in Eq. 02] and as the low energy 
neutrino mass matrix phase in Eq. [23l The sign of rj has a low energy phenomenological 
significance, as the neutrino mass matrix phase in Eq. [23] fixes the leptonic Dirac phase 
(5cp- Specifically, a positive 7 ] uniquely leads to negative (fcp, and vice versa. As experi¬ 
mental data hints at (5 cp ~ ~^/2, the a posteriori preferred solution has positive rj. The 
sign of r] also has high energy cosmological significance since the leptogenesis phase in 
Eq. [19] controls the sign and magnitude of the BAU. For example a positive rj, together 
with the requirement that the BAU is positive, implies that the lightest right-handed 
neutrino should be Yf = while Y| = Yjjjj should be somewhat heavier. In the next 

section we discuss a SUSY GUT model with CSD(3) which satisfies this constraint and 
can lead to successful leptogenesis. 


We devote the remainder of this section to the numerical CSD(n) results for both neutrino 
phenomenology and leptogenesis. To do this, we recognise that the BAU Yr given in 
Eq. [T9]depends implicitly on rua through rji^a and explicitly on mb', recalling the definition 
mb = | 6 pn^/M 2 , we may rewrite Eq. [19] as 




675 Mimb 
SlTi^g^ vl 


- if sin r]. 


(25) 


The best fit values of ma, mb and r] are found to vary with n, and to be largely independent 
of one another. They have been calculated in [ 20 ] and are reproduced in Table [T] along 
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with their predictions for the PMNS mixing angles, CP violating phase and neutrino 
masses. Furthermore, values of ma, mb and rj that may be characterised as providing 
“good” hts (or at least hts with close to the minimal value) he comfortably within 
±10% of their respective best £t values. We are left with an expression for 1% that is 
linear in Mi, multiplied by a numerical factor that ultimately depends only on n. Taking 
into account the variability of the mass matrix parameters, we estimate that the numerical 
factor may also vary by up to ±10% without signihcantly impacting the hts to neutrino 
masses and mixing angles. In terms of placing bounds on Mi, this far outweighs the 
current error on the experimental value for Yg, which is approximately ±0.6%. CSD(2) 
predicts a best £t with rj = 0, while CSD(n) with n > 5 predict best hts with rj = tt, both 
giving sin ?7 = 0, which implies a zero baryon asymmetry. Furthermore, these values of n 
give very poor hts to lepton data. As such, they will not be discussed further here. 


n 

rUa 

(meV) 

mb 

(meV) 

v 

(rad) 

O 12 

n 

^13 

n 

O 23 

n 

i^CP 

n 

m 2 

(meV) 

m 3 

(meV) 


3 

27.3 

2.62 

2.17 

34.4 

8.39 

44.5 

-92.2 

8.69 

49.5 

3.98 

4 

36.6 

1.95 

2.63 

34.3 

8.72 

38.4 

-120 

8.61 

49.8 

8.82 

5 

45.9 

1.55 

2.88 

34.2 

9.03 

34.4 

-142 

8.53 

50.0 

33.8 


Table 1: Table of best fit parameters for two right-handed neutrino CSD(n) model for 3 < 
n < 5. For comparison CSD(2) (not shown) has = 95.1. Note that we have fixed rj to be 
positive corresponding to negative (5cp- We have not displayed the Majorana phases which 
are also predicted but practically unobservable since mi = 0 in this class of two right-handed 
neutrino models. Angles refer to the PDG standard parametrisation [34]. 


Note that from Eq. [TBl we have = fhi^r = ma, whose best ht values for each CSD(77,) 
are given in Tabled! This enables us to estimate logio(A^^iF^) = logio(A.rrA'T-), from 
the results in Eqs. iMlfTHl with which we obtain the washout factors from the numerical 
solutions to the Boltzmann equations given in El- Hence, for n = (3,4, 5), we obtain the 
corresponding washout factors rji^^ = (0.0236,0.0166,0.0126). Inserting numerical values 
also for mb and rj from Table [T] into Eq. [25l we arrive at the following prediction^: 


CSD(3) : 
CSD(4) : 
CSD(5) : 


Yb 

Yb 

Yb 


rsj 


rsj 




2.2 X 10 "^^ 
1.5 X 10 "^^ 


0.86 X 10"^^ 


Ml 

1010 GeV_ 

Ml 

1010 GeV_ 

Ml 

1010 GeV 


Ml ~ 4.0 X 10^° GeV 

Ml ~ 5.8 X 10^° GeV (26) 

Ml ~ 10 X 10^° GeV 


With Ml hxed in each case, |a| may be calculated to be of order 10“0 using ma = 
n^|ap/Mi, since is known. On the other hand only the combination mb = v‘^\b\‘^/M 2 
is hxed by neutrino data and the separate parameters |6| and M 2 are not determined 
from leptogenesis. 


®We have used sin/3 Ri 1 which is a good approximation for tan/3 > 3. 


















Field 

Representation 

A 4 

SU(5) 

Zg 

Zg 


F 

3 

5 

0 

0 

1 

Ti 

1 

10 

5 

0 

1 

T 2 

1 

10 

7 

0 

1 

Ts 

1 

10 

0 

0 

1 


1 

1 

7 

3 

1 


1 

1 

8 

3 

1 

r 

1 

1 

0 

3 

1 


Field 

Representation 

A 4 

SU(5) 

Zg 

Zg 

zf 

H 5 

1 

5 

0 

0 

0 

Hb 

1 

5 

2 

0 

0 

H 45 

1 

45 

4 

0 

2 

^45 

1 

45 

5 

0 

0 


1 

1 

2 

0 

0 

02 

1 

1 

1 

4 

0 

0atm 

3 

1 

3 

1 

0 

4^sol 

3 

1 

2 

1 

0 


Table 2: Superfields containing SM fermions, the Higgses and relevant flavons. 


4 A SUSY GUT Example 


In this section we describe a fairly complete A 4 x SU(5) SUSY GUT model which im¬ 
plements CSD(3) with two right-handed neutrinos [SO]- This model has the following 
virtues: 


o It is fully renormalisable at the GUT scale, with an explicit SU{5) breaking sector 
and a spontaneously broken GP symmetry, 
o The MSSM is reproduced with R-parity emerging from a discrete 
o Doublet-triplet splitting is achieved through the Missing Partner mechanism [36] . 
o A /i term is generated at the correct scale, 
o Proton decay is sufficiently suppressed. 

o It solves the strong GP problem through the Nelson-Barr mechanism [371138] . 
o It explains the hierarchies in the quark sector, and successfully fits all of the quark 
masses, mixing angles and the GP phase, using only 0{1) parameters, 
o It justifies the GSD(3) alignment which accurately predicts the leptonic mixing 
angles, as well as a normal neutrino mass hierarchy, 
o It involves two right-handed neutrinos with the lighter one dominantly responsible 
for the atmospheric neutrino mass. 

o A Zg flavour symmetry fixes the phase rj to be one of ninth roots of unity [3^ . 


Apart from A 4 x SU (5) the model also involves the discrete symmetries Zg x Zg x Z^. It is 
renormalisable at the GUT scale, but many effects, including most fermion masses, come 
from non-renormalisable terms that arise when heavy messenger fields are integrated 
out. Unwanted or potentially dangerous terms are forbidden by the symmetries and the 
prescribed messenger sector, including any terms that would generate proton decay or 
strong GP violation. Such terms may arise from Planck scale suppressed terms, but prove 
to be sufficiently small. Due to the completeness of the model, the field content is too 
big to be listed here, but the superfields relevant to leptogenesis are in Table O 

The SM fermions are contained within superfields F and Ti. The MSSM Higgs doublet 
Hu originates from a combination of and ip 45 , and Hd from a combination of 
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and H^. Having the Higgs doublets inside these different representations generates the 
correct relations between down-type quarks and charged leptons. Doublet-triplet splitting 
is achieved by the Missing Partner mechanism [36]. 

The held ^ which gains a VEV ~ O.OGMqut generates a hierarchical fermion mass 
structure in the up-type quark sector through terms like VuTiTj{v^/M)^~^~\ where 
is the VEV of Hu- It also partially contributes to the mass hierarchy for down-type 
quarks and charged leptons and provides the mass scales for the right-handed neutrinos 
as discussed later. It further produces a highly suppressed /i term (n^/M)®MGUT- 

The up-type Yukawa matrix Y“ is highly nondiagonal while the down-type and charged 
lepton Yukawa matrices ~ Y®, derived from terms like Fcj)TH, are nearly diagonal. A 
small off-diagonal element in Y'^/® sources the quark CP phase. Even though the charged 
lepton Yukawa matrix is not diagonal, this induces negligible corrections (of 0{1%)) to 
the CSD(3) alignment. 


The relevant terms in the superpotential giving neutrino masses are thus 


W, = y.H^F 


ratm 


'^atm 


-1- 


(02)' 


sol 


+ 93 


(27) 


where the yi are dimensionless couplings, expected to be 0{1). The alignment of the 
flavon vacuum is hxed by the form of the superpotential, with 0atm and (psoi gaining 
VEVs according to CSD(3): 


(0atm) — "^atm 



(0sol) 



(28) 


Note that the above superpotential resembles that in Eq. HI By the same method as 
outlined previously, we can then obtain leptogenesis estimates. Indeed, we can iden¬ 
tify the parameters a, b, Mi and M 2 in terms of the fundamental parameters from the 
superpotential: 


a = yi 


Ml = 1/3 


"^atm 


Mr ’ 



M2 = yiV^. 


(29) 


For convenience we can also specify: 



yfvlvh^Mr 


yl'^Wsoi 

Ml 

Vs {^ 2 ^ vl 

m. - - 

■ ‘ M, 

1/4 {02^ 


(30) 


The Abelian flavour symmetry Zg Exes the leptogenesis phase rj to be one of the ninth 
roots of unity, through a variant of the mechanism used in [39]. The particular choice 
T] = 27r/3 can give the neutrino mixing angles with great accuracy. Furthermore, this 
phase corresponds to hcp ~ —87°, consistent with hints from experimental data. 
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n 

rUa mb Tj 

^12 

^13 

(^23 

(icp 

m2 

m3 

(meV) (meV) (rad) 

(°) 

(°) 

n 

(°) 

(meV) 

(meV) 

3 

26.57 2.684 ^ 

34.3 

8.67 

45.8 

-86.7 

8.59 

49.8 


3 








Table 3: Best fit parameters and predictions for an A 4 x SU{5) SUSY GUT with CSD(3) and 
a fixed phase 77 = 2tt/3, as described in [^. Angles refer to the parametrisation in [M] . 


The relevant best fit parameters from our model are given in Table |3l along with the 
model predictions for the leptonic mixing angles and neutrino masses, for tau/d = 5. 
From Eq. [TSl we see that rhi^^ = = nia = 26.57 meV. This gives us log;^o(^AtAi-^A‘) ~ 

\ogiQ{AT-T-KT-) = 1.027, with which we obtain the washout factors from the numerical 
solutions to the Boltzmann equations given in [21], 


= hi.r ~ 0.0236. 

The decay asymmetries given in Eq. [TT] are calculated: 

9 MiTTlb 

ei,^ = 3ei,. = ——^smr^ 


6.01 X 10 


47r ^ 

Ml 


-7 


1010 GeV 


(31) 


(32) 


Using the above estimates, we may obtain the BAU for this model from Eq. [251 


Yb ^ 2.2 X 10"^^ 


Ml 

1010 GeV 


(33) 


Comparison with the experimental value of Yb thus hxes the lightest right-handed neu¬ 
trino mass: 


Ml ^ 3.9 X 10^° GeV. 


(34) 


As shown in Eq. [29l in this model the right-handed neutrino mass is Mi = y^iy^Y/M y, 
where Mp is the renormalizable mass of the messenger T that allows this term and is 
expected to be Mp ~ Mp. This hxes the arbitrary dimensionless constant to be 7/3 ~ 0.3, 
hence the BAU is achieved without extra tuning of parameters. Fixing the mass Mi also 
hxes the parameter a in the Yukawa matrix to be a ~ 0.006, dehned in our model by 

Eq.Ea 


5 Conclusions 


We have considered leptogenesis in minimal predictive seesaw models involving two right- 
handed neutrinos, with a particularly simple Yukawa structure which is capable of re¬ 
producing the low energy neutrino data with very few parameters. Within this class of 
models the two right-handed neutrinos are dominantly responsible for the “atmospheric” 
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and “solar” neutrino masses with Yukawa couplings to (z/g, z^t) proportional to (0,1,1) 
and (1, n, n —2), respectively, where n is a positive integer. In this class of seesaw models, 
called CSD(n), the neutrino Yukawa matrix only involves two complex proportionality 
constants a, b which, together with the real and positive right-handed neutrino masses 
Ml 2 , control all of neutrino physics. To be precise, in the flavour basis, the two neu¬ 
trino mass squared differences as well as the entire PMNS matrix are controlled by the 
magnitudes of a, b, the two right-handed neutrino masses Mi ^2 and the relative phase 
T] = arg[a^/6^]. This is the only phase in the neutrino mass matrix and is also the only 
phase relevant for leptogenesis, so it may be regarded as the “leptogenesis phase”. 

The entire PMNS matrix, including all the lepton mixing angles as well as all low energy 
CP violation, is sensitive to the magnitude and sign of the “leptogenesis phase” r], which 
therefore controls both low energy CP violation and the BAU via leptogenesis, providing a 
direct link between these two phenomena. A simple consequence is that CP violation must 
be present in neutrino oscillations in order to achieve successful leptogenesis. Moreover 
there is a correlation between the sign of the BAU and the sign of CP violation which 
may be observed in neutrino oscillations. To be precise, if the dominant right-handed 
neutrino mainly responsible for the atmospheric neutrino mass is the lightest one, then 
positive BAU implies sinr^ > 0 which further implies sin(5cp < 0. 

Within this class of seesaw models we have performed a quantitative study of flavoured 
leptogenesis arising from the decay of the lighter right-handed neutrino, using the magni¬ 
tude of the observed BAU to provide information about its mass Mi. We expressed our 
results in terms of n and recover previously known results, such that leptogenesis can not 
take place for n = 1 (corresponding to tri-bimaximal mixing). For other values of n we 
have as a general conclusion that the electron flavour doesn’t contribute (having a zero 
asymmetry), with the asymmetry parameters having a ratio that is a simple function of 
n: ei^^/ei^r = n/{n — 2). Additionally, the muon and tan flavour share the same wash-out 
parameter 

The nuts and bolts of our procedure is to insert the best-£t values of each CSD(n) model’s 
input parameters (including the phase rj) into the prediction for Yb, using previously ob¬ 
tained results of fits to the leptonic mixing angles and neutrino squared mass differences. 
This allows us to express Yb with only the mass Mi as a free parameter. In this way 
we were able to predict Mi from the combination of observational values of Yb, neutrino 
squared mass differences and leptonic mixing angles. 

We then considered an example of an SU{5) SUSY GUT model with many attractive 
features incorporating CSD(3) which predicts a hxed value rj = 27r/3 (which is very close 
to the best-ht value for CSD(3)). In this model, the prediction of Mi originating from 
Yb is expressed in terms of fundamental parameters of the model, with the correct Yb 
obtained with natural mass scales (Planck mass) and dimensionless parameters that are 
order unity. A notable feature of the model is that it predicts that the lighter right- 
handed neutrino is the dominant one responsible for both the atmospheric neutrino mass 
and leptogenesis, leading to the correct sign of the BAU with the prediction (5cp ~ —87°, 
consistent with hints from experimental data. 
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We conclude that the minimal predictive seesaw models based on CSD(?7,) are great 
examples of models connecting low and high energy CP violation and where leptogenesis 
works very well to obtain the BAU. The models which £t low-energy data well, namely 
n = 3,4, lead to successful leptogenesis with masses Mi on the order of 5 x 10^° GeV. 
The approach is consistent with SUSY GUTs of flavour as exemplified by the x SU{5) 
model which naturally realises the assumed Yukawa structures and mass scales in terms 
of more fundamental parameters. 
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